An optical assay for the rapid determination and chemical speciation of Fe 2+ /Fe 3+ species has been proposed for the first time on a polyether sulfone (PES) membrane platform. The small pore size and low wettability (θ ~82 ) of the membrane disallowed the dissipation of analyte droplets on the surface, thus localizing it onto nanoliter arrayed 1,10-phenanthroline spots. Under optimized conditions and within ~5 min, an acceptable limit of detection (0.1 μg mL -1
Introduction
Iron is a non-toxic metal that is mainly present in two forms: oxidized Fe 3+ and reduced Fe 2+ states, where the former is dominantly present in natural water resources, and is considered to be more toxic. The ratio of ionic species is important for determining the redox potential of the system. 1 The redox nature of iron plays a key role to assess its relationship with living species, 2 which is largely controlled by organic complexation and photochemical redox processes. The imperative part of iron present in the environment also serves as a compound activator, stabilizer and viable component of proteins. It is also indispensable to all members of plants and animals. Even though a low concentration of iron is needed for growth and metabolism, it is also considered to be a moderately poisonous component when matched with other moving components. Free iron has the ability to generate reactive oxygen species (ROS), which can be harmful to cells. This may further play an important role in oxidative stress and damage to proteins as well as nucleic acids. High concentrations of the same pose serious threats of cancer, heart disease and other illnesses, such as haemochromatosis. 3 Hence, it is duly important to monitor the equilibrium of the oxidative states of iron in a rapid, easy and cost-effective manner, for which a robust, low-cost analytical technique with point-of-care applicability must be developed.
Recent years have seen an upsurge of interest in developing sensitive techniques for the ultrasensitive detection as well as chemical speciation of Fe 2+ /Fe 3+ ions in water. [4] [5] [6] [7] [8] [9] Even though most of these technique are highly selective as well as sensitive, but lack of easy operational protocols along with complex methodology limit their usage in field applications. The rapidly growing issues of water pollution make it an ambulatory necessity to design sensing devices that are easy to operate and read by non-technical personnel.
For executing rapid assays, cellulosic paper is one of the most widely used platforms. Due to inadequate ability to attain sensitivity, researchers have been working extensively to improve the sensitivity in the sub-ppm or μM range. Recently, the applicability of polyether sulfone (PES) membrane in rapid assays has been successfully demonstrated. 10 PES is known for its outstanding oxidative, thermal, and hydrolytic stability as well as robust mechanical and film-forming properties. 11 By varying the polymer/solvent ratio and the composition of non-solvent bath, the characteristics of polymeric membranes prepared via non-solvent induced phase separation (NIPS) can be altered. 12 Hence, the present study is focussed on: a) developing a simple and highly-structured 1,10-phenanthroline arrayed PES membrane sensor for direct determination and chemical speciation of Fe 2+ /Fe 3+ in water; b) comparing the influence of the surface hydrophobicity on the assay sensitivity; c) studying the robustness, stability as well as the analytical utility of the developed sensor platform in real sample analysis and finally; d) application of the proposed PES membranebased sensor for the speciation of Fe 2+ /Fe 3+ ions in real water samples.
Experimental

Reagents and materials
Polyether sulfone (PES Veradal 3000 MP) powder was obtained from Solvay advance polymer USA and 1-methyl-2-pyrrolidone (NMP) was purchased from Sigma Aldrich (St. Louis MO, USA). A mixture of PES and NMP solvent was formulated in a 20:80 ratio and a membrane was prepared as described before by Mujawar et al.; 10 details of the same are explained in Supporting Information ((SI)-1). Milli-Q water (Milli-Q system, USA) was used to prepare and coagulation bath as well. 1,10-Phenanthroline was supplied by Sigma Aldrich. A stock solution (20% m/v) of 1,10-phenanthroline in ethanol was prepared. Stock solutions (1000 μg mL -1 ) of FeSO4·7H2O (BDH, Doha, Qatar) and Fe(NO3)3·9H2O (Pancreac, Milano) were prepared individually in Milli-Q water.
Characterization
Morphology. The morphology of the PES membrane was characterized using scanning electron microscopy (FEI, Quanta FEG 450). A membrane sample was attached to the grid using copper tape, and sputtered with gold to make it conductive by means of a sputter coater (Quorum Q150R ES, Quorum Technologies Ltd., Ashford, Kent, England). The voltage was set at 20 kV for cross-section and surface images, respectively. The membrane sample was fractured using liquid nitrogen to obtain cross-section images of the same. Goniometer analysis. The surface hydrophobicity of the PES-R6 membrane was determined by measuring the water contact angle (θ). Milli-Q water (1 μL) was supplied on the membrane surface, and the water contact angle was measured using a Krüss (DSA30S, Hamburg, Germany) instrument. Measurements were repeated at 5 different positions and data were obtained along with standard deviation (±) SD.
Recommended experimental procedures
One-step assay for Fe 2+ . Diluted 1,10-phenanthroline reagent was arrayed (V ~200 nL) on a PES-R6 membrane as well as on a cellulosic substrate using a CAPP micropipette (Odense S, Denmark). The patterned substrates were air-dried at room temperature for 15 min. Simultaneously, a 1000 μg mL -1
Fe
2+ solution was prepared in Milli-Q water from ferrous salt, and a series of diluted (100, 10, 1, 0.5, 0.25, 0.1 μg mL -1 ) samples were also prepared in Milli-Q water. A one-step assay was performed with 5 μL of a metal ion solution that was supplied onto the reagent spots. The membrane substrate was incubated at 45 C in order to accelerate the drying process. The spot intensity was quantified by flatbed scanning and scoring the pixel gray volume (PGV) as explained before. 13, 14 Robustness (pH, temperature and volume of analyte). The influence of the pH on the performance of the Fe 2+ assay was investigated by preparing a Fe 2+ (10 μg mL -1 ) solution in a Britton-Robinson (B-R) buffer ranging from pH 2.0 -9.0. The prepared solutions were analyzed by our developed method, as explained before in the "One-step assay" section. The influence of the analyte volume on the signal-to-noise (S/N) ratio was also judged by supplying various volumes (1.25, 2.5, 5.0, 7.5, 10.0, 12.5 μL) of the Fe 2+ solution (1.0 μg mL -1 ) onto the reagent spots, and further analyzed as explained in section "One-step assay".
The effect of the analyte solution temperature on the performance of the one-step Fe 2+ assay was also critically investigated. Aliquots of Fe 2+ (1.0 μg mL -1 ) solution were incubated in a thermostat-controlled water bath (10 -60 C) for 1 h, and later analyzed by our developed method, as explained in section "One-step assay". The aforesaid experiments were performed in triplicates and a data plot for average PGV values was presented along with (±)SD. Stability. The stability of a PES-R6 membrane-based Fe sensor was investigated by performing intraday and interday analysis. For the former study, the membrane-coated reagent was used immediately (after 5 min) and at various time intervals (hourly basis) for 8 h using a Fe 2+ (1.0 μg mL -1 ) solution. The experiment was performed in triplicates and the PGV values were compared along with the calculated (±)SD.
Analysis of Fe
3+
. The applicability of our developed method for the indirect determination of Fe 3+ ions was also demonstrated as follows: a series (0.1 -1000 μg mL -1 ) of Fe 3+ solutions were prepared and in air-tight container. Fe 3+ species were first reduced to Fe 2+ using sulfur dioxide according to the following equations: Na2SO3 + 2HCl  2NaCl + SO2 + H2O,
The Fe 2+ formed was finally determined by as explained before in the section "One-step assay". Chemical speciation and total determination of Fe 2+ and Fe 3+ species. An aqueous solution (0.1 L) containing a binary mixture of the Fe 2+ and Fe 3+ species at a total concentration of iron ≤10 μg mL -1 was analyzed following the recommended procedures for Fe 2+ determination. Another aliquot sample (0.1 L) was first reduced to Fe 2+ as described above and analyzed as mentioned in the above subsection (Analysis of Fe 3+ ) for Fe 3+ determination. The PGV intensity of the first aliquot (ΔI1, %) is equivalent to Fe 2+ ions, while the PGV intensity of the second aliquot (ΔI2, %) is a measure of the sum of Fe 2+ and Fe 3+ ions in the mixture. Thus, the difference in PGV (ΔI2-ΔI1) is a measure of the Fe 3+ ions in the binary mixture.
Method validation
Intraday and interday analysis. The membrane printed with the reagent was stored in a clean petri-plate. A section of an arrayed membrane was used each day for the assay, and executed similarly for a period of 14 days. This study was also performed in triplicates using a 1.0 μg mL -1 Fe 2+ solution, while all other experimental conditions were kept constant, as described before.
The PGV values obtained for the assay on each day were compared in order to understand any loss of efficiency in the assay performance. 2+ and Fe 3+ in marine water by the proposed sensor. The applicability of our developed sensor in a semiquantitative determination of ionic species of iron in marine water sample was also tested. Due to the unavailability of certified reference materials (CRM) for Fe 2+ and Fe 3+ ions, marine water was spiked with various concentrations of Fe 2+ and Fe 3+ ions in order to explore the reliability and validity of the proposed method. Recovery tests were also implemented for successful detection and semi quantitative analysis of known concentrations of ions spiked into marine water samples.
Analysis of Fe
Results and Discussion
Membrane characterization SEM analysis of a PES-R6 membrane revealed a smooth topography, thus implying a homogenous membrane surface (Fig. 1A) . The cross-sectional view showed a layered structure of varying densities, where the top layer was denser than the lower layer (Fig. 1B) . Further magnification of the top layer clearly shows finger-like structures that may be due to the presence of a higher viscosity of the cast film (Fig. 1B, inset) . The high concentration of the polymer slows down the diffusion rate of the solvent (NMP) and non-solvent (water) that may further hinder with instantaneous demixing. 10 This can lead to delayed demixing, and consequently suppress the formation of macro-voids, thus forming denser structures. 15 The water contact angle (θ) of a PES-R6 membrane was 82.2 ± 0.8 , which depicts the hydrophobic character. Such low-wetting surfaces will prevent a liquid droplet from irregular spreading, and also allow the concentration of analyte molecules onto the substrate surface upon evaporation. This may further assist in enhancing the color density of the metal-ligand complex, thus improving the assay sensitivity. 14 
One-step assay for Fe 2+ ions
The reagent 1,10-phenanthroline reacts with Fe 2+ ions to form a red-colored stable Fe-phenanthroline complex (SI-2A, inset). The underlying reason for complex formation is explained in SI-2 through electronic spectral studies (UV-vis and FTIR).
On the PES-R6 membrane, the color of the Fe-phenanthroline complex proportionally increases with the Fe 2+ concentrations. The lowest detectable change in the color of the reagent spot was observed at 0.1 μg mL -1 concentration (Fig. 2, inset) . The blank spot (0.0 μg mL -1 ) produced no color whereas the 0.1 μg mL -1 assay spot showed a distinct pink color that could be easily read by naked eye (Fig. 2, inset) . The observed limit of detection (LOD, i.e., minimum concentration of the analyte visually detected by the proposed procedure) on the PES-R6 platform was lower than the maximum allowable limit for the representative analyte in marine water. The LOD obtained by our developed method was lower than that observed for a similar assay performed on μPADs. [16] [17] [18] Designing such devices was not only complex, but also required higher analyte volumes and longer durations for completion of the assay. On the other hand, our setup is easy with the one-step addition of the analyte to the reagent area/spot.
The aforesaid assay was separately repeated thrice to confirm its repeatability as well as the reproducibility of results. The average color intensity obtained from the triplicate assay spots was quantitated by image analysis software (ImageJ). It was found that the average PGV of the assay spots increased proportionally with the concentration, thus confirming the quantitative data with a visual observation of the scanned assay spots (Fig. 2, data plot) . A linear dynamic range (LDR) was obtained from 1.0 -100 μg mL -1 with a regression coefficient (R 2 ) of 0.9980. The regression equation (S1) was used to calculate the concentration of Fe 2+ ions in the standard solution. A good agreement between the standard and calculated values with the RSD below 2% confirms the accuracy of our developed method for the rapid and semi-quantitative determination of Fe 2+ ions in water ( Table 1) .
The effect of surface hydrophobicity on the assay performance was also analyzed by comparing a similar assay on a PES-R9 membrane. Due to high wettability, (θ = 50 ± 1 ), the surface of R9 membrane allowed dissipation of an aqueous solution. This property negatively affected the signal density, and the LOD on the R9 membrane was limited to 10 μg mL -1 only (Fig. 2, inset) . Below this concentration, no visible color was observed via naked eyes. A PGV analysis also confirmed that the LOD on a more hydrophilic PES membrane was 2-orders of magnitude higher than that observed on the PES-R6 membrane.
The influence of the surface chemistry as well as the wettability on the signal-to-noise (S/N) ratio was also investigated by executing a similar assay on a cellulosic substrate, Whatman filter paper (WFP) No. 42. It was found that on a high hydrophilic cellulosic surface, the LOD was only 100 μg mL -1 , which was 3-orders of magnitude higher than that observed on the PES-R6 membrane (Fig. 2) .
Comparative data concerning the contact angle, spot diameter and LOD are presented in SI-3, which clearly indicate that the surface hydrophobicity plays a role in improving the detection of heavy metal ions. A similar strategy concerning the analyte concentration on the substrate surface was successfully demonstrated for the ultrasensitive detection of Ni 2+ , 13 Hg 2+ , 14 and Zn 2+ 10 ions in water. According to them, the low-wetting substrate prevents the dissipation of aqueous metal ion droplets, thus enriching the reagent spot and enhancing the signal intensity as well as the assay sensitivity.
Specificity and interference study
The specificity of the reagent 1,10-phenanthroline towards range (Ag + ) of commonly occurring ions was critically investigated by our developed method. A diluted (10 μg mL -1 ) aforesaid ions solution was prepared in Milli-Q water and tested individually as explained in the section "One-step assay". It is clearly evident that the reagent 1,10-phenanthroline strongly reacts with Fe 2+ ions only whereas no cross-reactivity towards any other ions (Fig. 3A) . The greater stability of the Fe-phenanthroline complex with Fe 2+ ions as compared to other metal ions in aqueous solution, may account for the observed trend.
The effect of potential interfering ions on the assay performance was also critically investigated. A Fe 2+ (1.0 μg mL -1 ) solution was individually prepared in the presence of 10 - (Fig. 3A, inset) , it can be concluded that our developed method is not only selective towards Fe 2+ ions but also forms a stable complex with the reagent, even in the presence of other ions.
Stability
As shown in Fig. 3B (blue column), it could be seen that with time, the PGV values do not change substantially, thus confirming the repeatability of the developed method performed at various time intervals. The only exception being the assay performed immediately (i.e., 5 min) after arraying the reagent onto the membrane. This may be due to the fact that insufficient time required for complete drying of the reagent onto the surface. The RSD for intraday analysis was ~3%, which confirms the stability of our developed membrane-based sensor for Fe 2+ determination. Interday data presented in Fig. 3B (red dotted line) clearly show that our developed sensor is stable enough for a period of 7 days with an RSD value ~9%. At the end of 14 days, the PGV value was reduced by half with the RSD of ~22%, even though by a visual inspection no change in the color intensity was observed. The promising intraday and interday stability of the membrane-based sensor would make it a likely candidate in point-of-use applications.
Figure of merits
Our developed method is first of its kind in the rapid assay format for the detection and speciation of iron in water samples. The membrane-based sensor may not be as ultrasensitive as other reported methods, 7, 8 as shown in Table 2 , but it offers a simple one-step procedure with an easy colorimetric readout. Most of the reported methods are multistep 4 that involve complex methodologies, 2, 6 or device fabrication 18, 19 that require a high-degree of expertise.
A similar reagent (i.e., 1,10-phenanthroline) was used by Ogawa et al. 18 in μPADs where the LOD of their system was 2-orders higher (i.e., 40 μg mL -1 ) than observed by our proposed membrane-based sensor. Recently, Youngvises et al. 19 also demonstrated the rapid determination and speciation of iron on a miniaturized microfluidic setup, but the LOD was in a similar range as of our developed method. Hence, our proposed method overcomes the aforesaid remarks, since it is simple to design, robust and offers good precision, strong selectivity with a good LOD that is lower than the maximum allowable limit (MAL) for iron in water, as reported by WHO. Due to low amounts of reagents/solution requirement, our method could be a futuristic green low-cost tool with reduced cost of the sample analysis per test.
Robustness (pH, temperature and volume)
The robustness of the developed method was critically investigated with respect to changes in the experimental parameters, such as the solution pH, temperature and analyte volume.
In ligand-metal complex reactions, the solution pH is known to play an important role. 13, 14, 20 Hence, a study was performed to understand the influence of the pH on the color intensity of (Fe-phenanthroline) complex. A Fe 2+ (10 μg mL -1
) solution was prepared in B-R buffer 13, 21 ranging from pH 2.0 -9.0 and further tested by our developed method. The real assay spots shown in Fig. 4A (inset) and PGV data indicate that at acidic pH (2.0 -5.0), the formation of Fe-phenanthroline is stronger, and may thus lead to a higher S/N ratio. At this pH (2.0 -5.0), the hydrogen-ion activity is low, which prevents the protonation of nitrogen atoms, thus allowing it to form a strong bond with Fe 2+ ions. 22 With a further increase in the solution pH (pH 6.0), the S/N ratio reduces substantially and diminishes completely at an alkaline pH (Fig. 4A) . The fact that at higher pH, the formation of hydroxyl species of Fe 2+ such as Fe(OH) + and insoluble Fe(OH)2 occurs, 22 which deters complexation of the metal ion with the reagent, and results in a very low to negligible S/N ratio. However in our method we did not perform any pH adjustments, since the prepared solution was in Milli-Q water (pH ~5.5).
Secondly, the effect of the assay volume on generation of optimum S/N ratio was also studied. At low volumes (<5 μL), insufficient analyte molecules present in the droplet may result in a low PGV (Fig. 4B, blue column) . On the other hand, a low PGV was also observed when the analyte volume was above 10 μL. The intermediate hydrophobicity allows the horizontal Present study a. Abbreviations: ETV-ICP-OES, electro thermal vaporization inductively coupled plasma-optical emission spectrometry; μSI-LOV-SPS, microsequential injection lab-on-valve solid phase spectrophotometry; SPE-CFC, solid phase extraction-conventional flow cell; SPE-LWCC, solid phase extraction-liquid waveguide capillary cell; DLLME, dispersive liquid-liquid microextraction; ISFME, in situ solvent formation microextraction; μPADs, microfluidic paper-based analytical devices; PFIA-TS, pneumatic flow injection-tandem spectrometer.
overspreading of a larger analyte droplet on the reagent spot, thus reducing the signal density. However, the optimum PGV was obtained when the droplet volume ranged from 5 -10 μL.
The effect of the Fe 2+ solution temperature on the assay performance revealed that Fe-phenanthroline complex hindered when the analyte solution temperature was 50 C and above (Fig. 4B, red line) . At elevated temperatures (i.e., >50 C), the oxidation of Fe 2+ ions to Fe 3+ hindered the formation of colored Fe 2+ complex species with the reagent. Optimum Fe-phenanthroline complex formation occurred when the solution temperature was between 10 -40 C. Thus, our developed method was robust enough to work amicably between wide temperature ranges.
It can be well understood that apart from the surface wettability, other experimental parameters (pH, temperature and analyte volume) also need to be optimized for strong complex formation between the reagent and the analyte. These parameters would not only lead to an enhancement of the signal intensity, but also play a crucial role in improving the LOD in binding assays. On the other hand, different methods for calculating LOD can also be used, as reported by Miller and Miller. 24 Applications Determination of Fe 3+ ions. The applicability of the proposed method was extended to detect 0.1 -1000 μg mL -1 of Fe 3+ after its reduction to Fe 2+ by SO2. ImageJ analysis data presented in Fig. 5 (Table 3) . A statistical treatment of data using the student t-test at 0.05 probability of Fe 2+ or Fe 3+ ions added and recovered did not exceed the theoretical values at n = 5, adding further support to the developed method. Chemical speciation of Fe 2+ /Fe 3+ ions and total iron content. The proposed method was successfully applied for the speciation of Fe 2+ /Fe 3+ ions in their binary mixtures and the determination of the total iron content in water samples. The concentration of the aforesaid ionic species determined by our developed method in the sample mixtures is presented in Table 4 . The recovery of Fe 2+ and/or Fe 3+ ions was more than 80%, which confirmed the accuracy of our developed method for speciation analysis as well as the determination of total iron in water samples. Real sample analysis. The proposed method was implemented for the determination of iron species in a complex matrix, such as marine water. In the absence of a certified reactive material (CRM), recovery tests were implemented for determining the accuracy as well as the precision of the method in real sample analysis. The results presented in Table 5 clearly show that the recovery of Fe 2+ ions from a spiked marine water sample was more than 90%, thus confirming the high selectivity of our system towards a representative analyte. On the other hand, the reduced Fe 3+ ions showed a deviation of -25% for a sample spiked with 3 μg mL - a. Average of three measurements ± standard deviation. membrane-based sensor platform can be implemented for the rapid, semi-quantitative and simultaneous determination of iron species. Since the proposed platform is independent from matrix interference, the applicability can be extended towards point-of-use applications as well.
Conclusions
The PES-R6 membrane serves as an excellent substrate for the sensitive detection and determination of Fe 2+ ions in water. The intermediate hydrophobicity of the membrane surface allows preconcentration of an aqueous analyte solution onto 1,10-phenanthroline spots, thus enhancing the assay sensitivity by 2-to 3-orders of magnitude. Simple usage coupled with good accuracy, high stability and robustness grant the feasibility of our membrane-based sensor in the routine analysis of Fe 2+ ions in marine water samples. Our developed method overcomes many drawbacks, such as time consuming multiple steps, high cost of reagents as well as instruments, like ICP-OES, ICP-MS, AAS, HG-FAAS. The applicability of our method was also extended for the indirect determination of Fe 3+ ions and the total iron content in synthetic water samples. The LOD and LDR for both species of iron was the same (i.e., 0.1 μg mL -1 and 0.1 -100 μg mL -1 ), which is lower than the maximum allowable level (MAL) for iron by WHO in water (i.e. 0.3 μg mL -1 ). The developed assay could also be extended to the preconcentration of ultra trace Fe 2+ and/or Fe 3+ species from large samples onto a solid phase packed column, and subsequently analyzed. Indeed, the method could be satisfactorily applied for routine assay of total trace iron species ions in natural water samples.
